In this study, antifouling and antibacterial properties of polar, semi polar and non-polar bioactive compounds derived from the sea cucumber Holothuria leucospilota were investigated. A series comprising n-hexane, ethyl acetate and methanol extracts from four different organs of sea cucumber (body wall, gonad, digestive tract and respiratory tree) were investigated for their antibacterial and antifouling activity against two species of microalgae, larvae of barnacle Amphibalanus amphitrite and a non-target organism: larvae of Artemia salina. Results showed that the highest antibacterial activity was found in the ethyl acetate extract of body wall against Staphylococcus aureus with minimum inhibitory concentration (MIC) of 0.250 mg/mL. The MIC of ethyl acetate extract of body wall ranged between 0.062 and 0.250 mg/mL against two microalgal strains. All extracts showed moderate to low toxicity against larvae of barnacles. The most pronounced anti-barnacle activity was found in the ethyl acetate extract of body wall with median lethal concentration (LC 50 ) value of 0.049 mg/mL. Among the twelve extracts, the ethyl acetate extracts of body wall showed the maximum antibacterial and antifouling activities. The bioactive compounds of the ethyl acetate extract of the sea cucumber body wall were determined using gas chromatography coupled with mass spectrometry. Fatty acids and terpenes were the major compounds, which may be responsible for antibacterial and antifouling activity of the ethyl acetate extract of body wall of the sea cucumber H. leucospilota.
Background
Marine biofouling refers to the gathering of unwanted microorganisms, algae, and animals on an artificial surface immersed in the seawater [1] [2] [3] . Marine organisms which cause the fouling are various and include many species from protozoa to vertebrates [3] [4] [5] . However, bacteria, diatoms, barnacles and macroalgae are some of the most important marine fouling organisms. Marine biofouling is a serious worldwide problem affecting marine industries and any man-made structure exposed to marine environments [6] such as ships, pipelines, oil platforms, fish cages and fishing nets [7, 8] . Biofouling can reduce the speed of vessels and increase fuel consumption. It also increases emissions of greenhouse gases [9] [10] [11] [12] . It has been reported that biofouling can cause huge economic losses of more than US$ 5.7 billion per year over the world [6, 13] .
In order to overcome the biofouling problems, antifouling paints for marine structures have been developed. Antifouling paints based on tributyltin and other organotin compounds as the active agents pose a serious threat to the marine environment [14] . Tributyltin has been found to be harmful and toxic to non-target organisms and is not easily degraded in the environment [1] . Consequently, because of the above-mentioned problems, International Maritime Organization banned the use of tributyltin since September 2008 [1, 15] . Since the Darya et al. Helgol Mar Res (2020) 74:4 banning of tributyltin and other tin-based compounds, the tin is replaced by other metals like zinc [16] , titanium and mostly copper [17, 18] . Copper has good antifouling properties against some of the biofouling organisms like algae and barnacles [19] , but copper can concentrate in shellfish tissues and has negative impacts on developing vertebrates and invertebrates [11, 20] . Therefore, there is a need for new environment-friendly antifoulants [21, 22] .
Natural products from marine organisms are among the most promising antifouling compounds [23, 24] . Marine invertebrates are potential sources of bioactive natural products which are used against predators and external threats like biofouling species [25, 26] . Sea cucumbers are marine invertebrates belonging to the phylum Echinodermata, class Holothuroidea [27] . There are over 1716 species of holothurians all over the world with the greatest number being in the Asia Pacific region [28] . Sea cucumbers are found on the sea floor and secrete secondary metabolites like triterpene glycosides from their skins, body walls, gonads, viscera and cuvierian tubules to protect themselves from predators [29, 30] . A large number of secondary metabolites and compounds has been isolated from sea cucumbers [27, 31] . These compounds possess biological activities such as anti-microbial, anti-oxidant, anti-angiogenic, anti-viral, anti-tumoral and other specific properties [32] [33] [34] [35] .
Different biological activities of extracted secondary metabolites from sea cucumbers have been explored in previous studies but their antifouling properties have been less investigated. Mert Ozupek and Cavas [30] reported antifouling properties of triterpene glycosides derived from Holothuria tubulosa and Holothuria polii. Soliman et al. [7] showed antibacterial and antifouling properties of Red Sea cucumbers. Genus Holothuria is the most harvestable genus of sea cucumbers [27] . Holothuria leucospilota is a black/red, cylindrical and elongate sea cucumber with a soft and pliable body covered with soft papillae. This species is usually found in coral reefs' sandy area and coastal rocky shores and is supposed to be the dominant species in the Persian Gulf [36] . The present study aimed at evaluating the antibacterial and antifouling properties of bioactive compounds from four organs (body wall, gonad, digestive tract and respiratory tree) of the sea cucumber H. leucospilota from Hengam Island, the Persian Gulf, Iran.
Materials and methods

Sample collection and extracts preparation
The sea cucumber H. leucospilota specimens were hand collected by scuba diving from Hengam Island, the Persian Gulf, Iran. Sea cucumbers were anaesthetized in a 5% solution of MgCl 2 in distilled water before being dissected. Then, they were washed by fresh water and each sea cucumber was cut from the anus to the mouth [37] . The sections of the body wall, gonad, digestive tract and respiratory organ were cut into small pieces and freeze-dried, separately. The dried sea cucumbers were powdered using a blender before extraction. About 100 g of each section was extracted separately with three types of solvent based on polarity including n-hexane (nonpolar), ethyl acetate (semi polar) and methanol (polar), respectively at 23 °C for 2 days in the dark. The solvents were used in series from low to high polarity to realize the exact components extracted with each polarity and so, the influence of solvents with different polarities on the extraction of components was determined. The extracts were filtered and concentrated under reduced pressure to remove the solvent. The dried extracts were kept in dark at 4 °C until later testing.
Antibacterial assay Bacterial strains
Two Gram-positive (Staphylococcus aureus and Micrococcus luteus) and three Gram-negative bacterial strains (Escherichia coli, Klebsiella pneumoniae, and Vibrio harveyi) were used in the antibacterial assay. All the bacterial strains were obtained from the Pasteur Institute, Tehran, Iran.
Antibacterial screening
Antibacterial activity of the H. leucospilota extracts was assessed by disk-diffusion method. An overnight culture of each bacterial species was prepared and adjusted according to the 0.5 McFarland standard (1.0 × 10 8 CFU/ mL). An amount of 100 µL of a suspension of each bacterium was spread over Mueller-Hinton Agar plates. Whatman paper disks of 6.4 mm diameter were impregnated with 10 µL of each extract (concentration of 10 mg/mL, final doses per disk: 0.1 mg of each extract) and placed on the agar surface. Disks impregnated with DMSO (solvent) and standard antibacterial agent ampicillin (at 10 µg/disc), were used as positive control and control (respectively). The plates were incubated at 37 °C for 24 h. Antibacterial activity was evaluated by measuring the diameter of the inhibition zone (IZ) of growth, formed around the paper disk. All assays were repeated three times.
Determining minimum inhibitory concentration (MIC) for bacteria
MIC values were determined using the Broth dilution method [38] . The serial dilutions of sea cucumber extracts from 2.00 to 0.062 mg/mL in Mueller-Hinton Broth containing 0.5% Tween 80 for all bacterial strains were applied. A concentration of 10 5 CFU/mL was used for test bacteria culture. The solvent DMSO and tube without any extract were used as controls. The lowest concentration of each extract with no bacterial growth after 24 h of incubation at 37 °C, was noted as MIC. All the experiments and controls were performed with three replicates.
Antialgal assay Microalgae preparation
The sea cucumber extracts were tested for antialgal activity against two species of microalgae: Chaetoceros muelleri and Chlorella vulgaris, obtained from the Persian Gulf and Oman Sea Ecological Research Institute, Bandar Abbas, Iran. Marine microalgae were grown under controlled conditions at 25 °C with a 12:12 light-dark cycle in F/2 medium [39] .
Determination of MIC for microalgae
Like the antibacterial assay, the MIC against two marine microalgae was determined with six different concentrations of sea cucumber extracts using a test tube. Initial cell density was 1.0 × 10 5 cells/mL. Prior to the experiments, all of the dried sea cucumber extracts were dissolved in DMSO and pipetted into the test tubes. The concentrations were obtained by serial dilution. Then, the tubes were incubated under a controlled condition at 25 °C with the illumination of 4000-5000 lx light intensity [6] with a 12:12 h light/dark cycle. Untreated tube and those containing DMSO served as controls. The assay was conducted with six replicates. The minimum concentration of each extract, where no microalgal growth was observed in at least four of the six tubes, was recorded as the MIC [6] .
Barnacle cytotoxicity assay
Adults of the striped acorn barnacle, Amphibalanus amphitrite were collected together with their rock substratum from intertidal rocks in Bandar Abbas, southern Iran. To obtain larvae, broods were left to dry overnight, and upon immersion in filtered seawater (salinity 35% and temperature 25 °C) [40] , the broods released nauplius larvae [41] . Test samples (all 12 dried extracts) were dissolved in DMSO. Six different concentrations were prepared based on serial dilution method. The solution of each concentration was pipetted into 24-well polystyrene plates, and filtered seawater containing 10-20 larvae was added. The plates were kept in dark at 25 °C [42] . The numbers of larvae that remained alive and died were counted after 24 h. The barnacles that did not move and did not respond to light or touch by a metal probe were regarded as dead [40] , and the toxicity, which was expressed as the LC 50 value was calculated based on Probit analysis with 95% of confidence interval. The same assay without any extract added to the wells and another with DMSO was done as control. All the experiments and controls were performed with three replicates.
Brine shrimp cytotoxicity assay
Brine shrimp Artemia salina cysts were hatched in a flask containing filtered seawater, with continuous light (3500 ± 500 Lux) and aeration at 28-30 °C. The nauplii were hatched within 48 h. The extracts were dissolved in DMSO and six different concentrations were prepared by serial dilution. The cytotoxicity assay was assessed using 24-well plates. A volume of 200 μL of each extract solution, 1.80 mL aerated seawater and 10-20 nauplii were added into each well of a 24-well plate [43] . Wells containing sea water and solution of DMSO in sea water were considered as controls. There were three replicates for each concentration and control. A checking count was performed, and the numbers of dead nauplii were counted after 24 h incubation. The percentage of mortality was determined and LC 50 value was calculated using Probit analysis with 95% of confidence interval [44] .
Gas Chromatography/mass spectrometry (GC-MS) analysis
Based on the highest inhibitory activity, the ethyl acetate extract of body wall was chosen for further experiments. In order to identify the bioactive compounds of semi-polar (ethyl acetate) extract from Holothouria leucospilota, gas chromatography/mass spectrometry was performed.
The ethyl acetate extract from body wall of H. leucospilota were analyzed by GC-MS using an Agilent GC 7890B and Mass 5977A with HP-5MS ultera inert column (30 m × 0.25 mm × 0.25 μm). Helium carrier gas was used at a constant flow rate of 1 mL/min. The ion source and injector temperature were 230 and 260 °C, respectively. A splitless mode with 1 μL injection volume and the flow rate of 1 mL/min was applied. The NIST GC-MS library was used to identify compounds and the closest match was recorded.
Statistical analysis
Differences in antibacterial activity (inhibition zone) between extracts and the control for each bacterial strain were analyzed by one-way analysis of variance (ANOVA) followed by tukey's multiple comparison test. Significance was evaluated at the 5% level (P < 0.05). The concentration of the extracts that resulted in 50% mortality (LC 50 ), were calculated using the Probit software program.
Table 1 Antibacterial activity of sea cucumber H. leucospilota extracts by disk diffusion method (inhibition zone, mm)
Data are shown as the mean ± SD with different letters in the same row are significantly different at p < 0.05 Inactive (-), weak active (< 7), moderately active (7) (8) (9) (10) (11) (12) (13) (14) ; highly active (> 14)
Inhibition zone includes diameter of the disc ( 
Results
Antibacterial assay
The results of evaluating the antibacterial activity of the sea cucumber extracts from H. leucospilota using disk diffusion method and MIC are shown in Tables 1  and 2 . Based on the scaling method that [45] suggested to explain microbial activity, among the twelve H. leucospilota extracts, n-hexane extract of the body wall and ethyl acetate extracts of the body wall and gonad exhibited strong antibacterial activity against Grampositive bacterium S. aureus and moderate activity against other Gram-positive and Gram-negative test bacteria.
Among the bacterial strains tested, K. pneumoniae with MIC ≥ 2 mg/mL and the minimum number of extracts that affected it, was the most resistant bacterium. Among the twelve H. leucospilota extracts, only ethyl acetate extracts of the body wall and gonad inhibited the growth of all tested bacterial strains (by disc diffusion method) and showed a MIC ≤ 2 mg/mL at the same time.
Antialgal assay
The antimicroalgal activity of the twelve extracts of H. leucospilota against the two species of microalgae, Chaetoceros muelleri and Chlorella vulgaris are shown in Table 3 . The ethyl acetate extract of the body wall showed strong inhibition with the MIC of 0.062 mg/ mL against C. muelleri. The lowest inhibitions were observed in n-hexane extracts. n-Hexane extract of respiratory tree showed no inhibition effect against C. vulgaris.
Anti-barnacle assay
As shown in Table 4 , the four ethyl acetate extracts showed moderate toxicity against A. amphitrite larvae, with LC 50 values all below 0.1 and above 0.048 mg/ mL. The most pronounced cytotoxic activity against A. amphitrite was found in ethyl acetate extract of the body wall, which had the LC 50 of 0.049 mg/mL followed by methanol extract of the body wall with LC 50 of 0.055 mg/mL. Among the twelve extracts tested, n-hexane extract of the respiratory tree showed the lowest cytotoxic activity against barnacle larvae, with an LC 50 of 0.284 mg/mL.
Cytotoxicity against artemia
The mortality rate of barnacle and artemia for the extracts are shown in Fig. 1 . All tested extracts had higher toxicity activity with higher mortality against barnacle than artemia. As presented in Table 5 , among the twelve extracts tested, ten extracts had an LC 50 above 0.1 mg/mL against A. salina. This indicates that toxicity to this non-target organism is very low. Two other extracts, ethyl acetate and methanol extract of body wall showed moderate toxicity to A. salina, with LC 50 values of 0.088 and 0.095 mg/mL, respectively.
Gas chromatography/mass spectrometry
Based on the results from GC-MS, the ethyl acetate extract from body wall contained two major categories of compounds, terpene and terpenoids and fatty acids ( Table 6 ). Among terpenes, (3β)-olean-12-ene-3,28-diol showed the highest area (14.116%) followed by 1,1-bis(5methyl-2-furyl)cyclohexane, (8.225%). Among the fatty acids, oleic acid showed the highest area (4.753%) followed by cis-13-eicosenoic acid (4.281%).
Discussion
The extensive use of toxic and harmful biocides in antifouling paints has increased concerns about their adverse effects on the marine environment. Consequently, conducting research for identifying potential environmentfriendly antifouling agents has been a challenge and of huge interest for scientific communities. Marine natural products are among the most promising alternatives to the toxic and harmful antifouling biocides. Secondary metabolites from marine invertebrates display a wide range of bioactivities, for example, antibacterial, antifungal and cytotoxic effects. The present research focused on the antibacterial and antifouling activity of polar, semi polar and non-polar extracts from the sea cucumber H. leucospilota.
Antibacterial activity was detected in several extracts from different sections of the body using different solvents, but mainly in ethyl acetate extracts obtained from body wall and gonad. Among the tested extracts, ethyl acetate extract obtained from the body wall showed higher antibacterial activity against S. aureus with the inhibition zone of 16.37 ± 0.27 mm and MIC of 0.25 mg/ mL. The methanol extracts showed the lowest activity against all tested bacteria compared to other extracts. The methanol extract obtained from the body wall showed a low activity against S. aureus and E. coli with MIC of 1 mg/mL and 2 mg/mL. These findings were in line with Farjami et al. [46] who reported that chloroform and hexane extracts of different body parts of H. leucospilota had more antibacterial activity than methanol extract.
With regard to this point that different solvents with different polarities were used for the extraction of natural compounds from the sea cucumber, therefore the observed antibacterial, anti-microalgal and cytotoxic activities may be attributed to the different bioactive compounds extracted from H. leucospilota. The majority of the positive results in the present study were recorded The results of the present study showed that all the tested extracts inhibited diatom C. muelleri growth. The MIC of the ethyl acetate extract of the body wall was found to be 0.062 mg/mL against C. muelleri. In a study published in 2016 [6] Suresh et al. reported that three marine diatoms tested (P. elongatum, T. frauenfeldii and N. longa) showed high sensitivity to Padina tetrastromatica extract with a MIC of 0.001 mg/mL. The results of the present study also showed that all of the twelve extracts had higher inhibitory activity against C. muelleri compared to C. vulgaris. The more resistance of C. vulgaris could be referred to its cellular structure [48] .
In the present study, six extracts showed moderate anti-barnacle activity with LC 50 values all below 0.1 and above 0.048 mg/mL. Kitano et al. [42] described moderate anti-barnacle activity when LC 50 values are below 0.07 and above 0.021 mg/mL. On the other hand, among the twelve extracts, ten extracts showed very low toxicity against non-target organism A. salina. This is a very important ability for an environmental friendly antifouling candidate to have appropriate activity against target organisms like barnacle and low toxicity to non-target organisms like artemia.
Based on the antifouling activities against all the tested bacterial strains, diatoms, microalgae, barnacles and artemia, the ethyl acetate extract of body wall was selected for the GC/MS analysis. In the ethyl acetate extract from the body wall of H. leucospilota, the presence of fatty acids and terpenes were observed by the GC/MS analysis. In line with the present study, many fatty acids, terpene and terpenoids from sea cucumbers have been reported to possess antibacterial, antifouling and cytotoxic activity [30, [49] [50] [51] . The presence of fatty acids including Eiosadienoic, Oleic, Arachidonic, Heptadecanoic and Palmitoleic acids was reported previously in holothurian species as well [30] . Similarly, several studies have reported the presence of terpenes like triterpene glycosides in some species of sea cucumber [30, [52] [53] [54] . These bioactive compounds have been reported to possess antibacterial and cytotoxic activities.
We observed that the organic solvent-extractable compounds from the sea cucumber H. leucospilota might play role in antifouling activities. The present results revealed that the ethyl acetate extract especially from body wall of H. leucospilota, is promising as a candidate antifouling agent. The results may be applied in further studies on the development of eco-friendly antifouling coats. 
